We have developed a cartridge-type 800 GHz receiver for the ASTE telescope in Atacama, Chile. The receiver has been assembled with a cooled receiver optics, a Nb-based SIS mixer, a local oscillator (LO) optics and IF components in a 170 mm diameter column-type cartridge. The cooled optics is composed of a single ellipsoidal mirror to couple between the feed horn and the subreflector of the antenna, and an LO coupler with 10 % efficiency. Owing to its cartridge and cryostat structure, the mechanical vibrations of the GM cryocooler are significantly reduced, therefore, the receiver is highly stable on the telescope. The receiver noise temperature using a Nb-based SIS mixer and a 4−8 GHz HEMT amplifier is attained to 1300 K in DSB at an LO frequency of 815 GHz. The system noise temperature, T sys , was typically 4000−8000 K in DSB at an LO frequency of 812 GHz during the operations, which depended on the atmospheric opacity. The typical zenith opacity at an LO frequency of 812 GHz was ∼ 1. The half-power beam width (HPBW) of the main beam was 1 measured by total power scanning across the Moon and was consistent with the diffraction limit. A spectrum of the CO J = 7−6 line (806.6518 GHz) toward Orion KL was successfully detected.
Introduction
Emission at submillimeter wavelengths holds key information to an understanding of a variety of physical processes, such as the formation and evolution of stars and galaxies (e.g., André, Motte 2001; Blain 2001) . Submillimeter-wave radiation below 700 GHz has been observed with sensitive Nb-based SIS receivers (e.g., Sekimoto et al. 2001a; Kooi et al. 1994 ). On the other hand, observations above 800 GHz were very limited. In addition to severe atmospheric conditions around 800 GHz and the high surface accuracy of ∼ 20 µm required for an antenna, there are some additional requirements for a receiver: (1) The loss of Nb-stripline increases remarkably above the gap frequency of Nb, 700 GHz. (2) Higher accuracy of optical alignment of mirrors to couple between the subreflector and feed horns is required. (3) Fabrication of mixer blocks and corrugated feed horns is more difficult. (4) Existing local oscillators (LOs) above 800 GHz have a lower power output and narrower bandwidth. Developments for receivers above 800 GHz, SIS mixers with high critical temperature materials of NbTiN (e.g., Stern et al. 1997; Kooi et al. 2000a) and NbN (e.g., Uzawa, Wang, Kawakami 1997) , hot-electron bolometer (HEB) mixers (e.g., Kawamura et al. 2000) , micro machining technique (e.g., Walker et al. 1998 ) and so on, have been reported. It has been shown by Winkler, Claeson (1987) that SIS mixers can be operated successfully up to twice the gap frequency. The performance of Nb-based SIS mixers at frequencies above the gap have been investigated, and it has been used for astronomical observations (e.g., Lange et al. 1994; Maezawa et al. 2000) .
The Atacama Submillimeter Telescope Experiment (ASTE, Sekimoto et al. 2001b; Kohno et al. 2003 ) is a project to operate a 10 m submillimeter telescope for developments of engineering and observational techniques, and for astronomical observations of the southern sky at submillimeter wavelengths. It was installed at Pampa la Bola in Atacama, Chile in 2002 March following evaluation at Nobeyama in Japan. The antenna was designed to possess a high surface accuracy of 17 µm, a pointing accuracy of 2 arcsec (under a wind velocity of 7 m s −1 ), and a fast switching capability of 3 deg s −1 (Ukita et al. 2000) . The ASTE can be equipped with the following receiver systems: (1) SIS receivers at 100, 230, 345 GHz (Sekimoto et al. 2001a) , (2) Focal plane cartridge-type SIS receivers (345 GHz, 500 GHz, 800 GHz) integrated into a cryostat (Yokogawa et al. 2003 , hereafter the ASTE cryostat), and (3) bolometer detectors around 350, 650, 850 GHz for continuum observations. The backend of the ASTE has 4 digital autocorrelators with an output 1024-channel power spectrum of 512 (or 128) MHz bandwidth (Sorai et al. 2000) in a separate container.
A modular concept of a receiver corresponding to frequency bands has been designed for the ALMA (Atacama Large Millimeter/submillimeter Array) as a cartridge-type receiver (Wild et al. 2002) . Each cartridge is composed of state-of-the-art heterodyne mixers with dual polarization capability, wide frequency coverage and extremely low noise. The cartridge-type receiver is equipped with cooled optics, feed horns, SIS mixers, IF amplifiers, and LOs. It has a clear and compatible interface, so that cartridge-type receivers can be developed independently by worldwide receiver engineers.
We have developed a cartridge-type 800 GHz receiver with an interface compatible with the ALMA receiver system for the ASTE cryostat. The receiver was installed on the ASTE and operated from July to September 2003.
Instruments

Receiver
The 800 GHz cartridge-type receiver has been developed as shown in Figure 1a . Components of this receiver, i.e., a cooled optics, a feed horn, an SIS mixer, IF amplifiers, and isolators, are attached on a cartridge, whose dimensions are 170 mm in diameter and 280 mm in length. The cartridge structure is supported by a central pipe made of glass fiber reinforced plastic (GFRP) and all stages are made of oxygen-free copper (OFCu). Details of the cartridge structure have been described by Sugimoto et al. (2003a) . A diagram of this receiver is shown in Figure 1b . RF signals pass through a vacuum window, an infrared (IR) shield at 80 K, and an LO coupler and are finally led to the feed horn after reflection from an ellipsoidal mirror. The LO, which is composed of dual-mode horn, two frequency triplers, cross guide coupler (C. G. C.), and a Gunn diode oscillator around 90 GHz made by Radiometer Physics GmbH, is attached to the outside of the vacuum vessel at room temperature. The LO power is typically 150 µW from 799 GHz to 831 GHz. The frequency of the Gunn diode is monitored and locked via the cross guide coupler and the harmonic mixer. LO signals are led via three flat mirrors on the cooled optics and coupled quasi-optically to the RF signal with a dielectric film (Kapton, thickness is 7.5 µm). The coupling factor is about −10 dB.
Although the optics was designed for dual polarizations, optics with one polarization is available, as shown in Figure 1a . Optical parameters are summarized in Table 1 and shown in Figure 2 . A solution which allows the RF beam width independent of frequency at both the feed horn and the subreflector is adopted. The reflection angle at the ellipsoidal mirror is 45 degrees and a cross-polarized power level is calculated to be −25 dB. The optics has been designed with an edge taper of −14 dB at the subreflector, which corresponds to an ideal aperture efficiency of a perfect parabola, η 0 = 0.78, for the ASTE telescope. The vacuum window of the cryostat is made with a Kapton film of 12.5 µm thickness and φ45 mm aperture. The IR shield is made with a Zitex (G104) film of 100 µm thickness and φ40 mm aperture. These apertures are larger than 5 times the beam radius, which corresponds to an edge taper of −54 dB. The vacuum window and the IR shield have a slant of ∼2 degree against the plane perpendicular to optical axis, in order to avoid producing standing waves between the subreflector and the receiver. Figure 3 shows a configuration of the cartridges and the cryostat. Since the optics of the 800 GHz receiver has ∼ 92 mm offset from the center at the Cassegrain focus, the optical axis is inclined to the subreflector with a slope of ∼0.92 degree.
The optics alignment of this receiver is designed as follows: (1) The feed horn integrated into a mixer mounting block is mechanically aligned with an optics block using positioning pins.
(2) The ellipsoidal mirror is also accurately aligned with the optics block using positioning pins. (3) The optics block is mounted on the 4 K stage of the cartridge structure. (4) The 4 K stage is parallel to the bottom flange, which was measured with a coordinated measuring machine. (5) The bottom flange of the cartridge is connected to that of the cryostat. (6) The bottom flange of the cryostat is connected to the ceiling of the receiver cabin in the ASTE telescope. This ceiling is defined as an optical reference for the telescope. Thus, the error of inclination toward the subreflector is within 0.1 degree and the accuracy of the receiver position is within 1 mm, which can be recovered by offsets of the subreflector.
A Nb-based parallel-connected twin junction (PCTJ) developed by Noguchi et al. (2001) is mounted in the mixer mounting block. The Nb-AlO X -Nb junction with a critical current density (J c ) of ∼ 9 kA cm −2 and an area of ∼ 1 µm 2 is fabricated on a quartz substrate with 100 µm width and 50 µm thickness. The normal resistance of single junction (R N ) is 22 Ω. The ωR N C product is 11 at 850 GHz. The gap voltage is 2.73 mV. The mixer mounting block is similar to the one installed on the Mt. Fuji submillimeter-wave telescope (Maezawa et al. 2000) . The dimension of the waveguide is 304 µm × 105 µm, which corresponds to a cutoff frequency of 493 GHz of the fundamental mode. A diagonal horn and the mixer mounting block were integrated and fabricated as a block. The aperture and the slant length of the diagonal horn are 3.50 mm and 19.89 mm, respectively.
We used either of two cooled low-noise amplifiers (CLNAs), i.e., 2-stage Ga-As HEMT (high electron mobility transistor) made by Onsala Space Observatory (OSO) or 3-stage HEMT amplifier (Nitsuki 0847AD). Either of the amplifiers can be attached on the 4 K stage or 12 K stage. The noise temperature of the LNA made by the OSO (gain ∼26 dB in a bandwidth of 4−8 GHz) was reported by Risacher and Belitsky (2002) to be about 6 K. We use an isolator between the mixer and the LNA (see Figure 1b) . The insertion loss of the isolator is less than 0.3 dB. A bias voltage of ∼ 2 mV for the SIS junction is applied from the third port of the isolator. The IF signals pass through a hermetically sealed connector at the vacuum flange of the cartridge, and a isolator, warm low noise amplifier (WLNA) with 40 dB gain , and a band-pass filter outside of the cartridge.
Cryogenic system for the ASTE
The cartridge-type cryostat, which can house 3 cartridge-type receivers, has been developed for the ASTE. A detailed description of the cryostat has previously been given in Yokogawa et al. (2003) . The cylindrical cryostat, whose dimensions are 508 mm in diameter and 560 mm in hight, can accommodate 2 cartridges of 170 mm diameter and 1 cartridge of 140 mm diameter. The cryostat is composed of 3 stages, and each stage is connected with the corresponding stage of a 3-stage Gifford McMahon (GM) type cryocooler (4 K, 12 K, and 80 K stages). The stages of the cryostat are supported by a central support structure, which is adopted to reduce the vacuum and gravitational deformation of the cryostat.
The concept of the thermal link for the ALMA receiver was proposed by the Rutherford Appleton Laboratory (RAL) to simplify exchanges of the cartridge and to maintain high thermal conductance between the cartridges and the cryocooler (Orlowska, Harman, Ellison 2002) . We have developed a simple thermal link with high heat conductivity (Sugimoto et al. 2003b ). This link is composed of 2 components: (1) a crown-like ring made of OFCu, and (2) a clamping belt which is a metal spring or a nylon ring. Thermal conductance of the links is 1.7, 5.6, 3.
for the 4, 12, and 80 K stages with the φ170 mm links. The 3-stage GM cryocooler (Sumitomo RDK 3ST) whose cooling power of 0.8 W at 4.2 K, 8 W at 12 K, and 33 W at 80 K, is connected to 7 kW outdoor compressors (Sumitomo CNA-61: 1028 × 321 × 901 mm) which were installed on the telescope.
To reduce vibration of the cartridge from the cryocooler, bellows-structures were adopted to connect the cryocooler and the stages of the cryostat. Yokogawa et al. (2003) reported that vibration of 30 um on the coldhead decreased to below 6 um (peak-to-peak) on the cartridge. This low vibration resulted from the summation of the contributions due to (1) the bellowsstructures, (2) rigidity of the central support structure, and (3) flexibility of the thermal links.
Cartridge-test cryostats which can cool one cartridge-type receiver have been developed to evaluate the receivers in laboratories (Sekimoto et al. 2003) . Most performances of the 800 GHz receiver in §3 were measured using this cryostat.
Performance of the 800 GHz receiver
I-V curves of the SIS mixer with and without LO power injection are shown in Figure  4 . To suppress the Josephson current, two permanent magnets made of Neodymium whose magnetic field of ∼ 1000 G at room temperature is attached to the mixer block. The I-V characteristics on the ASTE telescope is denoted by the dotted line in Figure 4 . Since the temperature of the mixer on the ASTE telescope, ∼4.3 K, is higher than that at the laboratory with the cartridge-test cryostat, ∼3.4 K, the I-V curve at the ASTE site has a slightly smoother gap than that measured with the cartridge-test cryostat.
The noise temperature (T RX ) at the position of the RF window is shown in Figure 5 . It was derived with the Y-factor method,
, where Y = P hot /P cold , P hot and P cold are the output power when input load temperatures are 290 K (ambient) and 80 K (liquid nitrogen), respectively. J hot and J cold were corrected brightness temperatures in the Callen and Welton formula (Callen, Welton 1951; Kerr, Feldman, Pan 1997, hereafter C&W) . The T RX was measured at the center IF frequency of 6.0 GHz with 5 MHz bandwidth. The Y-factor and the IF bandpass characteristic are shown in Figure 6 and Figure 7 as a function of IF frequency of 4−8 GHz. The edge of the IF bandwidth is limited by the bandpass of the isolator as shown in Figure 7 . Amplitude ripples in the 5−7 GHz bandwidth, which correspond to the IF bandwidth of the ASTE (see Figure 5 in Sekimoto et al. 2001a) , are suppressed within 3 dB peak-to-peak. The receiver noise temperature is decomposed into three parts:
where T RF , T MIX and T IF are the noise temperatures at the input section, the mixer, and the IF sections referring to their input, respectively. G RF and G MIX are the gains of the input and the mixer respectively. The intersecting line method (ISLM) has been used to determine the noise contribution of the RF input section (Blundell, Miller, Gundlach 1992; Ke, Feldman 1994) . The IF power was plotted as a function of the input load temperature for different LO powers as shown in Figure 8 . We determined the intersection point to be 580 K, which is about a half of the receiver noise temperature.
From an approximation that the T MIX is independent of low LO power levels, Blundell, Miller, and Gundlach (1992) interpreted the intersection point as
On the other hand, Ke and Feldman (1994) interpreted the intersection point as T RF , on the hypothesis that the output noise of the mixer, T MIX · G MIX , is constant. Honingh et al. (1997) pointed that the ISLM in high frequency range could lead to an overestimation of the RF input noise, T RF , by more than 100 percent because of the vacuum fluctuations, mismatch at the IF, and a loss-induced mismatch of the SIS junction.
Input noise temperature of the RF input section, T RF , can be estimated from simple calculations. The sum of the reflection loss and absorption loss at the Kapton vacuum window of 12.5 µm thickness is estimated to be ∼ 0.1 dB from a reflective index of 1.77 and a loss tangent of 4.65 × 10 −3 (Goldsmith 1998) . At the IR shield made with the Zitex (G104) film of 100 µm thickness, the loss is estimated to be ∼ 0.15 dB under the assumption of a reflective index of 1.44 and a loss tangent of 1.6×10 . We verified that these simple calculations of losses at thin films (Kapton, Zitex, Goretex, and Teflon) were consistent with measurements of losses around 400−500 GHz using a vector network analyzer (AB Millimetre MVNA-8-350). The loss of the LO coupling is designed to be 0.46 dB. The coupling efficiency of an ideal diagonal horn is 0.84. The noise temperature due to loss at the horn was calculated under the assumption that beam patterns which are not coupled with a Gaussian beam were terminated at the 80 K shield. The Nb-stripline behaves as ideal loss free stripline at frequencies well below the gap frequency, however, the stripline become lossy at frequencies near and above the gap frequency. The stripline loss can be calculated as described in Lange et al. (1995) and determined to be ∼ 5.4 dB at 800 GHz assuming that physical temperature is 4.2 K. Therefore T RF and G RF is estimated to be 42.7 K and −6.8 dB (see Table 2 ).
In order to study the serious discrepancy between our ISLM result and the calculation, we apply the following more general expression derived by Ke and Feldman (1994) :
The T MIX in equation (1) includes the term of equivalent noise temperature due to the vacuum fluctuation (T Q ), and terms expressed by Στ which are considered to be independent of the LO power. Thus, the input noise derived from the ISLM is increased by a factor of (Στ + T Q )/G RF . Στ consists of four terms.
(1) τ 1 is the equivalent noise temperature originated from a coupling between the LO-induced shot noise and the leakage current shot noise of the SIS junction for an LO-matched DSB mixer. If the SIS mixer is not perfectly matched to the LO source, three other terms appear. (2) τ 2 is the equivalent noise temperature contributed by the excess quantum noise of the mixer. (3) τ 3 is the equivalent noise temperature due to the coupling between the leakage current shot noise and the output conductance of the mixer. (4) τ 4 is the equivalent noise temperature originated from the coupling between the output conductance of the mixer and reflection coefficient for noise entering the IF output port of the mixer. The vacuum fluctuation hω/2k at 800 GHz corresponds to 19 K. Assuming that Στ is 50 K, which corresponds to the case of severe LO-mismatch and is consistent with the result derived by Honingh et al. (1997) , the term of (Στ + T Q )/G RF is estimated to be ∼340 K. Thus, the T RF + (Στ + T Q )/G RF term is derived to ∼380 K, which is still not enough value to explain the high noise temperature derived from the ISLM. The residual noise temperature might be contributed by the additional losses of 1−2 dB due to the low precision of the horn and the waveguide dimensions, the insufficient accuracy of the mixer chip position on the waveguide, and so on. The IF noise temperature at the IF section (T IF ) was measured using a shot-noise method described by Woody, Miller and Wengler (1985) . Assuming that the linear portion of the P IF curve has a slope of e/2k B = 5.8 K/mV, an extrapolation of the linear portion of the P IF determines the noise power added by the IF amplifier referred to its input. T IF measured were determined to be 16 K with the amplifier made by OSO (G = 26 dB gain with noise temperature, T amp , of 6 K) and 18 K with the amplifier made by Nitsuki (G = 36 dB with T amp = 12 K). On the other hand, we can calculate the T IF calculated = 9 K for the OSO amplifier and 14 K for the Nitsuki amplifier, taking into account the loss in the cables and isolators as tabulated in Table 3 . The loss at each component was measured using a network analyzer. The residual, T IF measured − T IF calculated , might be losses in the mixer block and at the connection between each component. Figure 9 shows a frequency response of the mixer measured using the Fourier transform spectrometer (FTS) with the frequency resolution of 15 GHz. Details of this FTS were described by Matsuo, Sakamoto and Matsushita (1998) . We cannot completely understand the cause for each response peak because of complicated factors, i.e., (1) the severe loss above the gap frequency on the stripline, (2) the cutoff with the waveguide, and (3) the H 2 O absorption.
The FTS resonance above gap frequency is severely diminished because of the loss on the stripline. Thus, it is thought that a subpeak at 600 GHz looks most conspicuous of all peaks. Since the 600 GHz peak has sharp feature, especially on the low frequency side, there is a possibility that the peak was affected by the cutoff frequency which became higher than the designed value of 493 GHz. This possibility makes it more difficult to specify the cause for the peak.
Two possibilities of the cause for the peaks around 700 GHz and 760 GHz, which are located near and above gap frequency, are considered as follows: (1) The FTS response is very similar to the one reported by Maezawa et al. (2000) and Noguchi et al. (2001) , except for the position of 760 GHz peak. They reported that the peak at 700 GHz was thought to be correlated with the direct absorption of photons in the Nb films. Thus, the peak at 700 GHz might be caused by the same reason and the peak at 760 GHz might correspond to the resonance peak. (2) The H 2 O absorption might make a deep cut in the resonance peak because there is the air in the signal path between the FTS system and the cryostat which cools the SIS mixer. We cannot decide which is the dominant case. In either case, the resonance peak of the mixer for the present work is in 700−800 GHz, which is lower than the designed center frequency of 850 GHz.
We measured the performance of the LO using the FTS to check whether it has unexpected spurious harmonics within the passband of the heterodyne instruments or not. Figure  10 shows the LO power on dB scale as a function of the frequency, where the LO frequency was set at 799 GHz (frequency of the Gunn is 88.8 GHz). The LO has sharp peaks and a continuum component besides the expected 799 GHz component (n = 9). Although some peaks have a relatively high intensity (∼ −10 dB), they are not serious because of their frequencies beyond the SIS response or the cutoff frequency of the waveguide.
Evaluation on the ASTE
Integration
Three cartridge-type receivers including the 800 GHz receiver were integrated into the ASTE cryostat at the Mitaka campus of the National Astronomical Observatory of Japan (NAOJ). We verified the conditions of evacuation, cooling properties, electronic properties and mechanical interference of the three receivers. Finally, we confirmed that their performance is almost the same as that measured with the cartridge-test cryostat. After the integration, the system was shipped to the ASTE site. The temperature at the mixer block of the 800 GHz receiver was 4.6 K at the laboratory and 4.3 K on the ASTE telescope.
Stability of receiver
The stability of the receiver is essential for efficient observations and intensity calibration. If the noise in the receiver system is completely uncorrelated (white noise), the noise level decreases with the square root of the integration time, t. In a real receiver system, however, the noise level is limited because of mechanical vibration, temperature drifts, etc. We measured the Allan variance which is useful for evaluating the stability of the receiver system (Allan 1969) . The noise components of the Allan variance σ 2 A can be expressed as:
where t −1 is for white noise, t 0 for 1/f electric noise, and t 1 for low frequency drifts. The Allan variance becomes the minimum at an optimum integration time (or the Allan time).
On the telescope, we measured the Allan variance of the receiver output (see Figure  11 ) to evaluate the stability of the receiver as demonstrated by Kooi et al. (2000b) . The Allan variance of the receiver output including the IF system had bumps which originate in the mechanical vibration of the GM cryocooler as suggested by Sekimoto et al. (2001a) . The cryogenic system was designed to reduce vibration of cartridge as described in §2.2 (Yokogawa et al. 2003) . Thus, the amplitude of the bumps is suppressed as compared with other types of receivers (e.g., Sekimoto et al. 2001a ). The coefficients of the noise components were determined to be a = 2.1 × 10 at an integration time of 1 sec. The increase of the variance over 30 sec is mainly due to the drift of gain of the amplifiers originating in temperature variation.
Beam pattern and efficiency
Before the beam pattern and the efficiency were measured, the position of the subreflector was properly adjusted to maximize intensity of the planets in each elevation. The subreflector has the capability of having offsets along elevation (X), azimuth (Y), and focus (Z) direction and being tilted on each axis. When the subreflector shifted by 1 mm in the X (or Y) direction from the optimal position, the efficiency decreased by 20 %. On the other hand, the efficiency decreased by 20 % owing to an offset of 0.2 mm in the Z direction. The reduction of the efficiency to Z offset is smooth. Thus, it is thought that the standing wave between the subreflector and the receiver is lower than the S/N ratio.
We describe the beam pattern and efficiency of this receiver and the antenna, which is indispensable for evaluating the telescope and for performing scientific observations with the ASTE. Total power measurements scanning across the Moon are useful to estimate the beam pattern of the telescope, because the pattern can be derived from the differential of the power under the assumption that the slope of the Moon edge is a step function. However, the pattern derived from the differential is not the actual beam pattern from two reasons which will be discussed later. Therefore, we call this pattern a composite profile according to Greve, Kramer and Wild (1998) . Total power outputs across the Moon along the right ascension, α, were measured as shown in Figure 12a . A composite profile derived from differentiating the outputs along the scan direction is shown in Figure 12b . The sample data sets were fitted with three Gaussian components. The half-power beam width (HPBW) of the main beam was determined to be 11.8 ± 3. 5. This value is consistent with the diffraction limit (1.2 · λ/D ∼ 9. 2) of a 10 m antenna at 806 GHz. Second and 3rd gaussian components have amplitudes of −4 and −8 dB respectively. Their offsets from the main beam are about 6 and 25 and the HPBWs are 48 and 220 , respectively.
In order to understand the observed profile correctly, (1) the effect of 2D convolution, and (2) the brightness distribution of the Moon have to be taken into consideration. The observed flux-density distribution, S(Θ, Φ), is written by
where B(θ, φ), P (θ, φ), and Θ (Φ) are the brightness distribution of the Moon, the beam pattern, and the angle displacement. Assuming that the extent of the beam is very smaller than that of the Moon and the brightness of the Moon is symmetrical with the Θ axis (at Φ = 0), we can set B(θ, φ) ∼ B(θ). If the beam pattern is the sum of symmetric gaussian components, given by
where A i and a i are the amplitude and width of the i-th gaussian component, the composite profile along Θ axis at Φ = 0 from equation (4) becomes,
Therefore, the amplitude ratio to that of 0-th component (main beam) in equation (6) is enhanced by a factor of a i /a 0 . Based on this effect, a synthetic composite profile was calculated numerically from the 2D convolution of the simplified beam pattern and the brightness distribution of the Moon, which is an available model (Krotikov, Troitskii 1964; Linsky 1966 Linsky , 1973 Mangum 1993) . We assumed that the beam pattern consisted of three symmetric gaussian components, which had the same beam width as that derived by the fitting. The amplitudes of 2nd and 3rd components were scaled by the ratio of the beam widths (e. g., A 2 = −4 dB×11. 8/48 ∼ −10 dB). For simplicity, we also assumed that there was no offsets of the peak positions for each components. A dashed line in Figure 12b describes the synthetic composite profile, ∂S(Θ, 0)/∂Θ. Although the beam components have no asymmetry and offsets, the asymmetry of the synthetic composite profile is reproduced because of the Moon profile. Thus, it is thought that 2nd component of the composite profile does not have offset to the main beam. On the other hand, 3rd component is not consistent with the fitting result perfectly. It is difficult to judge whether this discrepancy was caused by the slight difference between the modeled Moon and the real Moon, or by the offset of 3rd component. The main reflector surface was adjusted based on the radio holography results at an elevation of ∼5.
• 7. However, measurements of the Moon were performed at high elevations, ∼50-70
• . The observed error beam (2nd component of the composite profile) is consistent with a simulated error beam. It is calculated using the surface error which is predicted by the Finite Element Method (FEM). Thus, the observed error beam may be caused by the large scale gravitational deformation of the surface at high elevations. After the observations in 2003, the surface adjustment was carried out considering the gravitational deformation between the holography elevation of 5.
• 7 and the rigging elevation of 55
• . The beam pattern measurement at observing elevations of 30-80
• is expected to be better than those reported in the present paper.
Forward efficiency, η l , can be derived as described by Rohlfs and Wilson (2000) . The outputs of the receiver while measuring an ambient load, T amb , and the sky, T sky , are derived as:
where G, T RX , τ 0 , and X(z) are the conversion factor, receiver noise temperature, zenith optical depth, and air mass at zenith distance z, respectively. The ASTE telescope has a Goretex film of 0.5 mm thickness to prevent rain invading the receiver cabin. The loss at the Goretex is estimated to be −0.1 dB at 800 GHz from a reflective index of 1.24 and a loss tangent of 5 × 10 . Forward efficiency defined in equation (8) contains the losses at the antenna and at the Goretex film. Parameters in equation (8) can be determined by a least squares fit of skydip measurements under the assumption of a uniform plane parallel atmosphere, X = 1/ cos(z) ≡ sec(z). Figure 13 shows a skydip measurement at an LO frequency of 812 GHz on 16 July 2003. A solid line in Figure 13 describes the result of the least squares fit with two free parameters, τ 0 and G · η l . We applied the room and outside temperatures when the measurement was done to T amb and T sky , respectively. τ 0 was determined to be 0.87 ± 0.10. This is a typical value in good weather conditions (Matsuo, Sakamoto and Matsushita 1998; Matsushita et al. 1999) . Forward efficiency, η l , is thought to be approximately 1 at T RX ∼ 1800 K, which is consistent with the T RX measured on the ASTE cryostat at the laboratory. Table 4 lists measurements of the main beam efficiency (η mb ). Each entry has been calculated using the following technique. Antenna temperature T * a was calculated by the chopper wheel method (Kutner, Ulich 1981) under the assumption of the C&W law and constant room temperature of T room = 290 K in the receiver cabin which is in the control of air conditioners. The main beam efficiency, η mb , of the Moon (0.78) and planets (0.13 for Saturn, 0.20 for Mars) is derived as demonstrated by Mangum (1993) . A total power of a scan across Mars on an antenna temperature scale is shown in Figure 14 . The antenna temperature, T * a , of Mars was determined to be 36.9 ± 4.0 K on 23 July 2003. On the other hand, the aperture efficiency of Mars was measured at η a = 0.15 ± 0.02. The difference between η a and aperture efficiency of perfect parabola, η 0 , predicts a surface error of 35 − 40 µm.
The efficiency will be improved with the improvement of reflector surface accuracy.
Standard objects
We performed 800 GHz observations of astronomical objects from 13 July 2003 to 25 August 2003. About 30 % of all the time spent during the period was under good weather conditions with a typical opacity of ∼ 1 toward zenith, and T sys was typically better than 8000 K in DSB. The best T sys was ∼4000 K in DSB at an LO frequency of 812 GHz.
Observations , is shown in Figure 15 . The antenna temperature, T * a , was scaled under the assumption of sideband ratio= 1. The rms noise level of the spectrum, ∆T * a , was 2 K in SSB at 1 km s
, which corresponds to T sys = 5200 K in DSB.
Summary
We have developed a cartridge-type 800 GHz receiver and have evaluated its performance on the submillimeter telescope, ASTE. We summarize the characteristics and performances of the receiver system.
1. The cooled RF optics, with a wideband (as shown in Table 1 ), low loss (Table 2) , and high efficiency (Table 4) , was designed and demonstrated to work properly. 2. The receiver noise temperature using a Nb-based SIS mixer and a 4−8 GHz HEMT amplifier is attained to 1300 K in DSB at an LO frequency of 815 GHz. We estimated the noise temperature at the RF input to be 580 K by the ISLM. However, the RF input noise derived with this method might be overestimated. The noise temperature at the IF section was determined to be 16 K, which is in agreement with the noise of the LNA by taking into account the loss in the isolator and cables. 3. This cartridge-type receiver is fairly stable, and the Allan time for the receiver output is 30 sec. The bumps in the Allan variance are suppressed as compared with other types of receivers. This is mainly due to the cryostat which was designed to reduce mechanical and temperature vibrations between the cryocooler and the cartridge. 4. The differential of the total power scans across the Moon provides an HPBW of the main beam of 11.8 ± 3. 5. This is consistent with the diffraction limit of the ASTE telescope within the error. (a) 
